Chemokine-mediated recruitment of leukocytes in vivo depends on interactions with cell surface glycosaminoglycans. Lymphotactin, the unique member of the "C" chemokine subclass, is a highly basic protein that binds heparin, a glycosaminoglycan, with high affinity (ϳ10 nM). We detected lymphotactin-heparin binding by NMR and mapped this interaction to a narrow surface that wraps around the protein. Substitutions in and around this binding site and surface plasmon resonance analysis of heparin binding affinity identified two arginine residues of lymphotactin as critical for glycosaminoglycan binding. Both arginine mutant proteins and the combined double mutant had dramatically diminished in vivo activity in a leukocyte recruitment assay, suggesting that the lymphotactin-glycosaminoglycan interactions detected in vitro are important for the function of this chemokine. Our results demonstrate that like other chemokines, lymphotactin utilizes highly specific glycosaminoglycan-binding sites that represent potential targets for drug development.
A family of small secreted proteins, chemokines recruit leukocytes from the circulatory system to mediate inflammatory responses in host defense and wound healing (1) , control angiogenesis, and regulate lymphoid development (2, 3) . Chemokine sequences are divided into four subfamilies, based on the number and spacing of conserved cysteine residues. Many chemokine structures are known, and members of all four subfamilies adopt a canonical tertiary fold, typically stabilized by a pair of disulfide bonds (4); some also form homodimeric structures (5) . Chemokines stimulate leukocyte migration by activating specific G protein-coupled receptors expressed in their target cell populations (3, 6) . This signaling network of roughly 50 chemokines and 20 receptors is both selective and redundant: specific leukocyte types express a particular receptor and are recruited only in response to their cognate chemokines, however, many receptors can be activated by more than one chemokine ligand (7) .
Human lymphotactin (hLtn/XCL1) 1 recruits T lymphocytes and natural killer cells through its specific receptor XCR1 in normal immune function and chronic inflammatory conditions (8, 9) . For example, an inappropriate or uncontrolled T cell infiltration driven by hLtn expression is a factor in both Crohn's disease (10) and rheumatoid arthritis (11) . Interestingly, the unique ability of hLtn to specifically chemoattract lymphocytes has been exploited therapeutically in combination with the T cell-activating cytokine interleukin-2 (IL-2). T cells recruited by hLtn and activated by IL-2 generated potent antitumor immunity in human clinical trials for treatment of neuroblastoma, where studies with either hLtn or IL-2 alone failed to generate a significant response (12) . Hence, hLtn and its analogs with activity toward XCR1 will be extremely valuable as agents for T cell recruitment in cancer vaccines (6) , whereas specific antagonists of hLtn activity may be useful for treating certain autoimmune or inflammatory diseases (7) . Protein-glycosaminoglycan (GAG) interactions are essential for in vivo signaling by the chemokine network of the immune system (13) (14) (15) . High affinity chemokine binding to cell surface GAGs is thought to serve in the formation of a concentration gradient leading back to the site of chemokine production. These interactions may regulate the types of chemokines immobilized at inflammatory sites, because the content and composition of cell surface glycosaminoglycans vary with the type and location of endothelial tissues (13) .
Mutagenesis studies on a number of CC and CXC chemokines, including RANTES, MIP-1␣, MIP-1␤, MCP-1, IL-8, SDF-1, and IP-10 identified groups of basic residues responsible for GAG binding (16 -24) . Whereas a cluster of basic residues commonly associated with heparin-binding proteins (the BBXB motif (25) ) appears in the 40's loop of the CC chemokines RANTES, MIP-1␣, and MIP-1␤, GAG binding sites identified in other chemokines are highly divergent (26) . Cell-based in vitro assays for chemotaxis (or Ca 2ϩ -flux) showed that GAG binding mutants of RANTES, MIP-1␣, and MIP-1␤ remained fully functional, suggesting that G protein-coupled receptor binding and activation is independent of the interactions with extracellular matrix (20, 24, 27) . However, the same mutants with disrupted GAG binding sites were nonfunctional in vivo, demonstrating that the biological activity of chemokines depends on both types of intermolecular interactions (27) .
Three-dimensional structures are available for many chemokines, but no chemokine-GAG complexes have been determined. A co-crystal structure is available for heparin bound to the cytokine basic fibroblast growth factor (28) , but the features governing protein-GAG recognition are still relatively uncharacterized. Complete description of a functional chemokine signaling complex will require structural characterization of GAG binding elements that represent targets for development of specific chemokine antagonists (14, 29) . Like most chemokines, hLtn is highly basic and binds heparin with high affinity (ϳ10 nM), presumably through some combination of its 15 lysine and arginine residues ( Fig. 1) (13) . In this work, we monitored the interaction between 15 N hLtn and a synthetic heparin pentasaccharide by NMR spectroscopy. Chemical shift perturbations clearly identified a GAG recognition element involving a subset of basic residues. On this basis, we generated mutant proteins with greatly reduced affinity for heparin, and showed that these substitutions eliminated in vivo hLtn activity. Our results identify a specific GAG binding site for the chemokine lymphotactin and suggest that the interaction is essential for in vivo function.
MATERIALS AND METHODS
Cloning and Mutagenesis-We previously described the production of human Ltn (hLtn) in Escherichia coli using a codon-optimized synthetic gene incorporated into a fusion protein construct with a Factor Xa cleavage site (4) . A disadvantage of this approach resulted from Factor Xa proteolysis at a favorable secondary cleavage site in the hLtn sequence, lowering the overall yield of hLtn. In this work we developed an improved method for expression of recombinant hLtn based on the pQE vector system. PCR was used to generate a full-length, codon-optimized hLtn fragment with BamHI and HindIII sites at the 5Ј and 3Ј ends, respectively, to facilitate insertion into a modified pQE30 vector (Qiagen, Valencia, CA). Modifications to the pQE30 vector include extension of the (His) 6 tag to a total of 8 histidine residues and incorporation of a tobacco etch virus protease (30) site as a means of removing the affinity tag. Many chemokines are inactivated by N-terminal modifications, however, lymphotactin containing an N-terminal FLAG epitope was active (31) , and deletion of the N-terminal Val residue yielded a functional hLtn protein (32) . To accommodate the tobacco etch virus protease recognition sequence, Val-1 was excluded from the expression construct resulting in a recombinant protein composed of residues 2-93 of hLtn (GenBank TM accession U23772). This recombinant hLtn (2-93) protein is referred to as wild-type hLtn throughout this paper.
Site-directed mutagenesis was performed using pairs of complementary primers and the QuikChange kit (Stratagene, La Jolla, CA). All expression vectors were verified by DNA sequencing.
Protein Expression, Purification, and Refolding-The hLtn expression plasmid, pQE308HT-hLtn, was transformed into E. coli strain SG13009[pRPEP4] (Qiagen). Cell were grown at 37°C in LB media containing 150 g/ml ampicillin and 50 g/ml kanamycin until the cell density reached A 600 ϭ 0.7-1.0. Protein expression was then induced by the addition of isopropyl-␤-D-thiogalactopyranoside to a final concentration of 1 mM. Following induction, cells were grown for another 3.5 h, harvested and stored at Ϫ80°C until processed further. For uniform labeling with 15 N, cells were grown in M9 media containing 15 N-ammonium chloride as the sole nitrogen source.
Recombinant hLtn was found exclusively in the insoluble fraction of the harvested cells, and isolated by the following procedure for purification and refolding. Cell paste from a 1-2-liter culture was resuspended in 10 ml of lysis buffer (50 mM sodium phosphate, pH 7.4, 300 mM NaCl, 10 mM imidizole, 0.1% (v/v) 2-mercaptoethanol, 1 mM phenylmethylsufonyl fluoride) and lysed by two passes through a French pressure cell. Inclusion bodies were isolated by centrifugation at 10,000 ϫ g for 15 min at 4°C, resuspended in 10 ml of solubilization buffer (6 M guanidinium chloride, 50 mM sodium phosphate, pH 8.0, 300 mM NaCl, 10 mM imidizole, 0.1% (v/v) 2-mercaptoethanol), disaggregated by passage through a 16-gauge needle, and clarified by centrifugation at 10,000 ϫ g for 10 min. This protein solution was incubated with Ni 2ϩ -nitrilotriacetic acid resin (Qiagen) in batch mode for 30 min at room temperature, packed into a 5-ml disposable column, and washed with 3 ϫ 10-ml portions of solubilization buffer. Bound Ltn was eluted with 3 ϫ 10-ml portions of elution buffer (6 M guanidinium chloride, 100 mM sodium acetate, pH 4.5, 300 mM NaCl, 10 mM imidizole, 0.1% (v/v) 2-mercaptoethanol). Eluted fractions were pooled and dialyzed against 3 ϫ 4 liters of 0.3% (v/v) acetic acid to remove denaturant. Separation of the affinity tag was performed by adjusting the buffer conditions to 50 mM sodium phosphate, pH 6.5, 50 mM NaCl, and 0.1% 2-mercaptoethanol, addition of a catalytic amount of tobacco etch virus protease (ϳ1,000:1), and incubation for 3 h at 22°C. Formation of the single hLtn disulfide was accomplished by dropwise addition of the cleavage reaction into 150 ml of oxidation buffer (20 mM Tris, pH 8.0, 200 mM NaCl), followed by dialysis of the oxidation reaction against 4 liters of oxidation buffer. Oxidized hLtn was concentrated to 20 ml by ultrafiltration in an Amicon stirred-cell using a 3-kDa molecular mass cutoff membrane. Fully refolded hLtn was separated from reduced or aggregated species by reversed-phased high performance liquid chromatography. Purity and identity of all hLtn variants were confirmed by matrix-assisted laser desorption ionization mass spectrometry.
SPR Measurements-Sensor chips (SA, C1, and CM5), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide, and N-hydroxysuccinimide were from Biacore (Biosensor AB, Uppsala). Semi-purified heparin, heparinalbumin, and heparin-biotin were from Sigma. SPR measurements were performed on a BIAcore 3000 operated using BIAevaluation 3.1 software. Freshly prepared, degassed buffers were used, and all protein samples were purified to Ͼ95% by high performance liquid chromatography and filtered. Covalent immobilization was used to avoid baseline drift because of a decaying surface. Reference surfaces were created using the same coupling reagents and carrier agents as the measurement surface, and a reference sensorgram was subtracted from each dataset. Each injection was performed in duplicate, and stringent surface regeneration (2 M NaCl, followed by glycine (pH 2.0) and NaOH (pH 10.0)) was performed between all injections.
Initial SPR studies using biotinylated heparin immobilized on a streptavidin sensor chip failed because of nonspecific binding of hLtn to the surface. Preliminary experiments were performed at 25°C in 20 mM sodium phosphate buffer (pH 6), using soluble semi-purified heparin (average molecular mass of 11,000 Da). hLtn was covalently coupled through its primary amino groups to a CM5 (carboxymethyl dextran) sensor chip using standard N-hydroxysuccinimide ester/carbodiimide coupling chemistry. To identify suitable oligosaccharides for NMR analysis of a hLtn-GAG complex, we also measured the interaction of immobilized hLtn with several homogeneous heparin fragments purified from porcine mucosal heparin (33, 34) . Sensorgrams were acquired at 25°C in 20 mM sodium phosphate buffer (pH 6) for a panel of seven heparin oligosaccharides with the general formula
, where ⌬UA is 4-deoxy-␣-L-threo-hex-4-eno-pyranosyluronic acid, GlcN is 2-deoxy-2-aminoglucopyranose, IdoA is idopyranosyluronic acid, S is sulfate, and n ϭ 1 (tetrasaccharide); n ϭ 2 (hexasaccharide); n ϭ 3 (octasaccharide; n ϭ 4 (decasaccharide); n ϭ 5 (dodecasaccharide); n ϭ 6 (tetradecasaccharide), or n ϭ 9 (ecosisaccharide).
To provide an efficient means of comparing heparin binding affinities for hLtn variant proteins, heparin-albumin conjugate (Sigma, heparin average molecular weight of 11,000) was immobilized through protein amino groups using standard N-hydroxysuccinimide ester/carbodiimide coupling chemistry on a carboxymethyl (C1) sensor chip as described previously (35) . Successful immobilization was confirmed by the observation of a ϳ300 response unit increase. The control flow cell was prepared by immobilizing bovine serum albumin using a similar coupling procedure. This sensor surface displayed minimal nonspecific binding, and a series of hLtn mutants were analyzed at 10°C in 20 mM sodium phosphate (pH 6), 200 mM NaCl, identical to solution conditions used for NMR analysis of the hLtn structure (4) 15 N dimension, and 1024 complex points in the 1 H dimension. Total experiment time for each spectrum was 2 h. Heparin titrations were performed by adding substoichiometric aliquots from concentrated stock solutions (10 mg/ml, determined from heparin dry weight) in H 2 O of the purified tetra-, hexa-, or decasaccharide described above (33) or a synthetic heparin pentasaccharide corresponding to the antithrombin III binding site of heparin (34) . Each addition of heparin was monitored by one-and two-dimensional NMR. Chemical shift assignments for the fast-exchange hLtnpentasaccharide complex were transferred by inspection from the free protein (4) (BioMagResBank ID 5042), because shifts for most resonances could be followed through the course of the titration. A threedimensional 15 N NOESY-HQSC spectrum was used to confirm assignments of the arginine side chain NH resonances and other overlapped signals.
In Vivo Cell Recruitment Assay-Four to 5-week-old female CD-1 mice (Charles River) were anesthetized with isoflurane and injected intraperitoneally with 100 l of sterile 0.9% sodium chloride solution (Sigma) or 20 g of various mutants of hLtn diluted in 100 l of sterile 0.9% sodium chloride solution. At 14 h post-injection, the animals were sacrificed by CO 2 asphyxiation. The peritoneal cavity was washed 3 times with 10 ml of ice-cold phosphate-buffered saline and the total lavage was pooled for individual mice. The total number of cells harvested from each animal was counted using a hematocytometer.
RESULTS AND DISCUSSION
Heparin Binding of Human Lymphotactin-Lymphotactin binds heparin, like most chemokines (13) . We monitored the kinetics of the interaction between immobilized hLtn and semipurified heparin (M r ϳ 11,000) by SPR and obtained an equilibrium dissociation constant (K d ) of 5 nM at 25°C in 20 mM sodium phosphate (pH 6) (data not shown). Because chemokine-GAG interactions have not been characterized structurally, we sought to form a soluble complex that could be studied by NMR. Addition of semi-purified heparin (M r ϳ 3,000 -5,000) to a sample of 0.25 mM hLtn produced an insoluble precipitate, so we used SPR to measure the binding of a series of seven smaller purified heparin fragments ranging from 4 to 20 residues. K d values for the structurally defined heparin oligosaccharides ranged from 350 nM (ecosisaccharide) to 23 M (tetrasaccharide) (data not shown), leading us to speculate that one or more of the shorter heparin sequences might bind hLtn in a manner suitable for NMR analysis.
Our previous work showed that hLtn adopts the canonical chemokine fold as a monomer (Fig. 1a) at low temperature (10°C) in 200 mM NaCl (4), and we recently reported that the protein is conformationally heterogeneous under near-physiological solution conditions (37) . The normal chemokine structure interchanges reversibly with a novel conformational state that predominates at elevated temperature (ϳ40°C) in low salt, however, the functional consequences of this rearrangement are unknown. At physiological solution conditions (37°C, 150 mM NaCl), the two structural species are present in equal proportions, as detected by two-dimensional NMR, so it is impossible to infer which is more physiologically relevant from biophysical analysis alone. Because the low temperature state is structurally homologous to dozens of other chemokines with known biological activity, and the novel high temperature state has no structural or functional analog, we hypothesize that, whereas each may have a functional role, the chemokine-like conformation of lymphotactin is very likely to be important for in vivo activity. To consistently promote the chemokine-like conformation throughout our subsequent studies, we performed all NMR and SPR analyses at 10°C in 20 mM sodium phosphate buffer with 200 mM NaCl at pH 6. The Glycosaminoglycan Binding Surface of hLtn-We used two-dimensional NMR to screen a panel of homogenous, structurally defined heparin fragments (tetra-, penta-, hexa-, and decasaccharide) (33, 34) in the solution conditions used for determination of the chemokine-like hLtn conformation (10°C, 200 mM sodium chloride, 20 mM phosphate, pH 6.0). Addition of substoichiometric amounts of either the deca-or hexasaccharide fragments to submillimolar concentrations of hLtn (200 -450 M) (oligosaccharide:hLtn molar ratio of 1:5) resulted in immediate precipitation and a quantitative reduction in NMR signal intensity consistent with the formation of insoluble complexes. No shifting of the residual protein resonances was detected. Efforts to discourage the precipitation reaction, including lower protein concentration, higher salt, and a wide range of temperature and pH values, were unsuccessful. In contrast, addition of a 2-fold molar excess of the tetrasaccharide under the same solution conditions produced neither insoluble precipitate nor spectral changes, suggesting that the GAG binding site of hLtn requires at least five carbohydrate residues to form a specific complex.
We tested this hypothesis by performing another titration using a synthetic heparin pentasaccharide (34) . Comparison of 15 N-1 H HSQC spectra before and after addition of the pentasaccharide (Fig. 2a) revealed chemical shift perturbations for a unique set of residues of hLtn, including a subset of the Arg side chain NH signals (Fig. 2b) . As increasing amounts of heparin pentasaccharide were added, signals from these residues shifted in a concentration-dependent manner (Fig. 2c) , demonstrating that the binding reaction occurs in the fast exchange regime of the NMR chemical shift time scale. From these data, it appears that the pentasaccharide binds hLtn with low affinity (K d ϳ100 M) relative to values obtained by SPR using a series of purified heparin oligosaccharides (0.4 -23 M). However, the earlier SPR experiments were performed in the absence of salt at 25°C, and pentasaccharide binding was not measured so a direct comparison with NMR is not possible. Thus, formation of a high affinity 1:1 hLtn-heparin complex requires a minimal GAG element of six or more carbohydrate residues, and longer heparin chains may promote hLtn oligomerization as suggested for other chemokines (38) . However, the limited solubility we observed for complexes with longer heparin oligosaccharides makes them intractable for structural analysis. Despite its low binding affinity, the heparin pentasaccharide is likely to target the GAG recognition elements most important for hLtn activity in vivo. We therefore analyzed the NMR titration of this weak but specific complex to identify residues of the chemokine that form the heparin binding site.
Three-dimensional structures determined for a variety of chemokines display the same tertiary structure, comprised of a three-stranded antiparallel ␤-sheet and C-terminal ␣-helix. basic residues near the short 3 10 helix (20's loop), in the ␤2-␤3 (40's) loop, and in the C-terminal helix (27) , whereas unstructured N-terminal residues and the ␤1-␤2 (30's) loop have been implicated as possible determinants in chemokine receptor recognition (39) .
Chemical shift perturbations for backbone 1 H and 15 N resonances in hLtn (Fig. 2d) highlight four regions of the hLtn sequence that are affected by the presence of pentasaccharide including the 3 10 helix preceding ␤-strand 1, the ␤2-␤3 (40's) loop, residues 62-64 of the C-terminal helix, and residues 70 -72. Whereas these regions are distant in primary sequence, they cluster to define a potential GAG interaction surface on the three-dimensional structure (Fig. 2e) . From inspection of the hLtn sequence, a number of Lys and Arg residues were identified in the vicinity of residues that display shift perturbations: Arg-18, Arg-23, Lys-25, Lys-42, Arg-43, Lys-46, Arg-61, Arg-65, Lys-66, and Arg-70. Arginine side chains possess an amino group that gives rise to an observable signal in the 15 N-1 H HSQC spectra. Two of the nine arginine side chains in hLtn, Arg-23 and Arg-43, respond noticeably to the titration with heparin (Fig. 2b) , and these residues are located within segments of the hLtn backbone perturbed by pentasaccharide (Fig. 2d) . We used these results to guide a mutagenesis study designed to disrupt hLtn-GAG binding.
In Vitro Analysis of Heparin Binding Residues-Each of the 10 basic residues identified from chemical shift perturbations was individually changed to alanine by site-directed mutagenesis. We confirmed proper folding of each mutant by comparing NMR spectra of the wild-type and variant proteins. Each Lys 3 Ala or Arg 3 Ala mutant retained the hLtn tertiary fold with three exceptions. None of a series of Lys-42 substitutions (Ala, Ser, and Ile) produced a correctly folded protein based on NMR analysis. Inspection of the NMR structure of hLtn led us to conclude that disruption of hydrophobic contacts involving Lys-42 destabilized the tertiary structure, and that we would be unable to test its role in heparin binding by this approach. The K46A and R65A proteins also displayed altered folding behavior, but a second version of each, K46S and R65S, was prepared. Both proteins folded normally and were used in subsequent analyses.
Kinetic parameters of binding to immobilized albumin-heparin were measured by SPR for each of the hLtn variants at 10°C in buffer conditions matched to our NMR studies (20 mM phosphate buffer, pH 6, 200 mM NaCl). Most of the substitutions, including R18A, K25A, K46S, R61A, R65S, K66A, and R70A, had little or no effect on the affinity for heparin, displaying equilibrium dissociation constants within a factor of 2 of wild-type hLtn (K d ϭ 20 nM) (Table I) . Strikingly, binding affinities of both the R23A and R43A proteins were reduced by a factor of more than 40, with the differences evident in the SPR sensorgrams (Fig. 3) . Based on these results, we produced the R23A/R43A double mutant protein, confirmed its folding by two-dimensional NMR (Fig. 4) , and monitored its interaction with heparin by SPR (Fig. 3) . The R23A and R43A mutations combined to reduce the affinity for heparin 300-fold (K d ϭ 6 M) relative to wild-type hLtn (Table I) . As an independent assessment of relative heparin binding affinities, we eluted all 10 mutant proteins from a heparin-Sepharose column using a linear sodium chloride gradient. In this assay, longer retention times are correlated with increased binding affinities. All proteins eluted in the order predicted by the K d values shown in Table I (data not shown).
Titration of the R23A/R43A double mutant protein with heparin decasaccharide produced neither insoluble precipitate nor chemical shift perturbations in 15 N-1 H HSQC spectra (Fig. 4) , confirming that the heparin binding site had been disrupted. Fig. 5 highlights residues shown to be central to GAG binding, as determined by NMR and SPR, on the hLtn structure, and illustrates a potential heparin binding surface that encompasses a subset of the positively charged side chains. The core of this GAG binding element is comprised of two basic residues, Arg-23 and Arg-43, that are distant in the amino acid sequence but adjoin each other in the hLtn tertiary structure.
In Vivo Activity of hLtn GAG-binding Mutants-Mutagenesis of residues involved in GAG binding of other chemokines has produced proteins that remain fully functional in cell-based in vitro assays for chemotaxis (or Ca 2ϩ -flux) (27) . A more physiologically realistic environment is therefore needed to assess FIG. 6 . hLtn mutants with altered heparin binding are less potent chemoattractants for leukocytes in vivo. hLtn and a series of mutants were tested for their ability to recruit cells into the intraperitoneal cavity of mice. Each protein (20 g) was injected into the intraperitoneal cavity of 4 -5-week-old female CD-1 mice in 100 l of 0.9% saline, followed by incubation and saline lavage to recover cells responding to the chemoattractant. Cell counts are shown for wild-type hLtn, the R23A, K25A, R43A, and R70A single mutants, and the R23A/ R43A double mutant and represent the average from at least five animals. The C11A/C48A mutant (negative control) lacks the stabilizing disulfide bond and is completely unfolded. the functional impact of disrupting the GAG-chemokine complex. Human Ltn has in vivo activity in mice as previously demonstrated by recruitment of leukocytes into the intraperitoneal space (40) . We have employed this leukocyte recruitment assay to measure in vivo activity for a series of hLtn mutants, including three with diminished heparin binding activity. Recombinant wild-type hLtn proved to be a potent leukocyte chemoattractant in mice, and this functional activity is clearly dependent on tertiary structure, because the unfolded C11A/C48A protein failed to recruit significant numbers of cells (Fig. 6) . All three proteins with disrupted heparin binding sites, R23A, R43A, and R23A/R43A, showed significantly diminished activity in the in vivo recruitment assay when compared with wild-type hLtn. The K25A and R70A mutants, which bind heparin as well as wild-type hLtn (Table I) , were functional in vivo, although at reduced levels. Whereas this may suggest a secondary role in formation of hLtn-GAG complexes, chemotactic activity would also be diminished if either residue participated in binding or activation of the specific hLtn receptor, XCR1, or stabilized an essential quaternary structure of the chemokine. However, Lys-25, Arg-70, and other positively charged side chains are located near Arg-23 and Arg-43 on the hLtn surface (Fig. 5 ) and might interact with bound heparin but contribute less to the total energy of the interaction.
Interestingly, whereas heparin affinities for the single mutants R23A and R43A are reduced roughly 40-fold compared with wild-type hLtn, and the R23A/R43A double mutant binds with 300-fold lower affinity, these three proteins were inactivated to an equal degree in vivo. Hence, either of the single substitutions at Arg-23 and Arg-43 disrupted hLtn-GAG interactions sufficiently to exceed a threshold beyond which further reductions in heparin binding affinity had no functional effect. These results suggest that even modest disruptions of GAG binding can have dramatic consequences for the formation of active chemokine signaling complexes.
Comparisons with Other Chemokine-GAG InteractionsWhere previous analysis of chemokine-GAG interactions have relied on sequence comparisons to direct mutagenic studies, we have pursued a structure-based approach, using NMR to detect the interaction of a heparin oligosaccharide with specific residues of the protein. These residues and others that are located nearby in the three-dimensional structure were then targeted for mutagenesis to gauge their relative contributions to the binding energy. Like many CC chemokines, the 40's loop of hLtn contains a basic cluster (BBXXB) that resembles one of the motifs identified as a common heparin binding sequence element. In the cases of RANTES, MIP1-␤, and SDF1-␣, neutralization of all basic residues within the analogous BBXB motif was required to reduce or eliminate GAG binding (18, 19, 22, 23, 41) . However, our results showed that, of this cluster of basic residues in hLtn, only Arg-43 contributes significantly to the affinity for heparin.
Whereas a consensus GAG binding site has not been established for the CXC chemokines, mutagenesis studies have implicated a conserved basic residue in the N-loop of PF-4 (Arg-22), IP-10 (Arg-22), and IL-8 (Lys-20) that participates in GAG binding. Other residues critical to GAG binding are found in various locations in these chemokines. For example, the Cterminal helix of PF-4 and IL-8 and the 40's loop of IP-10 each contain basic residues that participate in GAG binding (21, 24, 42) . In hLtn, a similarly positioned N-loop residue, Arg-23, plays a key role in GAG binding, whereas mutations of basic residues in the C-terminal helix did not affect heparin affinity.
The hLtn GAG binding surface includes Arg-23 and Arg-43, a unique combination of basic residues that play similar roles in many CXC and CC chemokines, respectively, and illustrates the diversity of GAG binding sites in chemokines. Whereas the chemokines are generally highly basic proteins, the importance of specific GAG binding residues varies among family members. For example, basic residues in the C-terminal helix of MCP-1, a CC chemokine, are critical to GAG binding, whereas the essential residues in other CC chemokines are located in a BBXB motif in the 40's loop (20) . The lack of a clear consensus GAG binding motif across the chemokine family might suggest that immobilization in the extracellular matrix occurs through degenerate electrostatic forces between polyanionic carbohydrates and highly electropositive protein surfaces. However, our results and previous studies demonstrate that chemokine GAG interactions are highly specific and mediated by key basic residues that are unique for each chemokine.
Conclusions-The T cell chemoattractant lymphotactin contains 15 positively charged amino acids and binds heparin with nanomolar affinity. We used NMR to monitor binding of a synthetic heparin pentasaccharide to hLtn, and identified a glycosaminoglyan recognition surface containing a subset of the basic residues. Our subsequent analysis of binding determinants by mutagenesis, SPR, and in vivo activity showed that NMR served as an efficient and reliable method for identifying the elements required for high affinity GAG binding. We hypothesize that, like other chemokines, hLtn function depends on interactions with components of the extracellular matrix, and that high affinity recognition of glycosaminoglycans by this chemokine is specifically mediated by the side chains of Arg-23 and Arg-43.
High-resolution structure determination requires that the biomolecular components be pure and homogeneous. Other NMR studies of chemokine-GAG binding used heterogeneous heparin preparations (42) unsuitable for detailed structural analysis, or purified heparin disaccharides (19, 43) , which are unlikely to span a minimal GAG binding site on the chemokine surface. Whereas the heparin pentasaccharide used in this study binds hLtn with low affinity under the conditions used, chemical shift mapping suggest that it interacts with an extensive region of the protein surface. Lymphotactin undergoes a novel reversible structural interconversion that necessarily alters the heparin binding site observed under these conditions. This structural equilibrium can be altered by mutagenesis, and a lymphotactin variant that preferentially adopts only the novel non-chemokine structure displays no leukocyte recruitment activity in vivo. 2 These preliminary results lend additional support to our hypothesis that biochemical activities specific to the chemokine-like conformation are essential for lymphotactin function. Our future studies will be directed at understanding the specific functional roles for both structural species of this unusual chemokine.
